Background {#Sec1}
==========

The acreage of global genetically modified (GM) crops has increased to approximately 191,700,000 ha since 1996 (ISAAA [@CR17]). The most common GM crops are maize, soybean, cotton, and canola. GM crops can be classified according to herbicide tolerance (HT), insect resistance, stacked traits, virus tolerance, and other traits; HT GM crops are the most common. Because of the increasing world population, GM crops are considered a solution for ensuring the food security of the world population (Taheri et al. [@CR33]). For example, HT GM crops can provide convenient weed control at a relatively low price (Brookes and Barfoot [@CR5]). Although GM crops have benefits, some issues should be considered. GM crop cultivation is associated with several concerns, including biodiversity, economics, agricultural production, and consumer choice (Smyth et al. [@CR31]). GM crops affect non-GM crops through gene flow and cause the contamination of non-GM crops with transgenes. Therefore, many countries have established a threshold of GM content among non-GM products. The strictest threshold is 0.9% in the Regulation (EC) No. 1830/2003 of the European Union (EU). Therefore, the coexistence of GM and non-GM crops is an issue that must be discussed.

Rapeseed (*Brassica napus* L.) is a cross-pollinated crop of the *Brassica* genus that is typically pollinated by insects. Bees (*Apoidea* superfamily) are its main pollinator (Scheffler et al. [@CR28]). Although *B. napus* is typically pollinated by insects, studies have indicated that *B. napus* can be pollinated without insects (Eisikowitch [@CR9]). Research on gene flow between non-GM and GM *B. napus* has been conducted in the past few years (Beckie et al. [@CR2]). There is evidence that pollination occurs between *B. napus* and its related species (Warwick et al. [@CR37]), and the probability of GM genes being transferring to related species should be examined. Gene flow between *B. napus* and *B*. *juncea* L. was evaluated in a previous study (Zhang et al. [@CR42]). Studies have also reported that spontaneous hybridization is more likely to occur between *B. napus* and *Brassica. rapa* L. than between *B. napus* and other *Brassica* crops (Landbo et al. [@CR22]). A wild *B. rape* population near a *B. napus* field was revealed to have a hybridization rate of 1.1--17.5% (Simard et al. [@CR30]). Furthermore, a study indicated that introgression hybridization may have occurred between *B. napus* and *B. rapa* (Hansen et al. [@CR13]). Hence, the risk of gene flow between *B. napus* and *B. rapa* is relatively higher than that between *B. napus* and other *Brassica* species.

The most common measure used for determining the coexistence of GM and non-GM *B. napus* is isolation distance. Models that fit the relationship between the cross-pollination (CP) rate and isolation distance have been developed in previous studies, and the optimal isolation distance can be derived from the model with the best fit (Funk et al. [@CR11]; Walklate et al. [@CR35]; Weekes et al. [@CR38]). The pollen dispersal model can be divided into empirical and mechanistic models. Because mechanistic models are difficult to set up for insect pollination, the *B. napus* pollen dispersal model is classified as an empirical model (Klein et al. [@CR20]). The variability of data from dispersal experiments is typically great (Bensadoun et al. [@CR4]). Data are overdispersed when the observed variance is higher than the theoretical variance because of the excess zero values in the observed dispersal count data. To fit this type of data, the zero-inflated Poisson (ZIP) distribution is an appropriate method (Bensadoun et al. [@CR3]).

Small farming systems are common in many Asian countries. In Taiwan, fields are small and scattered (Hsu [@CR16]). An average of 0.3 ha of agricultural land is owned by each person among farming families (Council of Agriculture [@CR7]). Gene flow in Asian farm systems has not been thoroughly studied. Therefore, establishing an optimal field design for GM and non-GM crops to coexist would be beneficial for Asian agricultural development. Few studies have assessed the coexistence of *B. napus* and *B. rapa* on a small field scale. In Taiwan, *B. rapa* is cultivated in fields as a green manure, vegetable, or honey plant. Therefore, adjacent fields of *B. rapa* and GM *B. napus* may cause unexpected gene flow between these species. This study provides new insights into gene flow between non-GM *B. rapa* and GM *B. napus* and how the wind direction and distance affect gene flow during a 4-year experiment. Models that fit the CP rate (%) were also developed. This study provides a valuable reference for researchers and growers interested in preventing gene flow in coexisting of non-GM *B. rapa* and GM *B. napus*.

Materials and methods {#Sec2}
=====================

Plant materials {#Sec3}
---------------

Non-GM *B. napus* "Deza oil No. 18" (AACC, 2n = 38) was used as the pollen donor in this study. This cultivar has recessive genetic male sterility and is double cross variety, and its growth period is approximately 224 days. The pollen recipient plant was the open-pollination variety (Nongxing 80-day) of *B. rapa* (AA, 2n = 20), which is mainly used as a green manure crop in Taiwan. *B. napus* seedlings were treated with vernalization to ensure flowering in Taiwan. *B. napus* seedlings were cooled to 4 °C for at least 30 days. After *B. napus* vernalization, *B. napus* and *B. rapa* seedlings were planted in 128-well plastic trays in a greenhouse. The seedlings were transplanted to a field until the five-leaf stage.

Experiment design {#Sec4}
-----------------

The pollen dispersal experiments were conducted from the fall of 2013 to the spring of 2017 at Taiwan Agricultural Research Institute (TARI), Council of Agriculture (COA), Executive Yuan (24° 03′ N, 120° 69′ E), and Agricultural Experiment Station (AES), College of Agriculture and Natural Resources, National Chung Hsing University (24° 07′ N, 120° 71′ E). The experiments were replicated eight times, four times for each site. The total area of the two experimental sites was approximately 0.054 ha (36 × 15 m^2^; Fig. [1](#Fig1){ref-type="fig"}; Hong et al. [@CR15]; Su [@CR32]; Wang [@CR36]; Yang [@CR41]).Fig. 1Field design of experiment sites: **a** the Taiwan Agricultural Research Institute and **b** the Agricultural Experiment Station

The two pollen recipient plots were located next to the pollen donor plot to simulate adjacent field arrangements in Taiwan (Nieh et al. [@CR25]). The field design of the experiment was established at TARI, where the two recipient plots were located on the north and south sides of the source plot. At the AES site, the two recipient plots were set up on the west and east sides of the source plot. Each experimental field had 12 furrows, and each furrow had two rows. There were 696 and 1776 *B. napus* and *B. rapa* plants in each field, respectively. Blooming was controlled through cutting early flowers to assure flower synchronization.

Meteorological information was recorded by a weather station located at TARI. The daily maximum frequency of the wind direction was taken as the field prevailing wind direction of each day. The proportion of each wind direction during the flowering period was defined as the field prevailing wind direction.

The recipient plants were sampled in two rows of each furrow (except the first and last furrow) at different distances. The sampling distance was in the range of 0.35--12.95 m at 0.7-m intervals. One or two flower stalks were cut for each plant. Mature pods were dried, threshed, and stored for inspecting the hybridization of recipient plants.

Hybrid progeny screening {#Sec5}
------------------------

A previous study discovered that the hybrids of *B. rapa *× *B. napus* could be distinguished from their parents through morphology (Jørgensen and Andersen [@CR18]; Lu et al. [@CR23]; Tu et al. [@CR34]). The morphology characteristics of *B. napus*, *B. rapa* and *B. rapa *× *B. napus* (F1) were described in Tu et al. ([@CR34]). The difference between F1 hybrid and parents also showed in the genome size and molecular marker (Tu et al. [@CR34]). In this study, leaf characteristics were used to differentiate between hybrid and nonhybrid progenies at the two-leaf stage. The hybrid leaves were circular, dark green, and displayed a trichome and strong dentation at the margin (Fig. [2](#Fig2){ref-type="fig"}a, b). By contrast, the nonhybrid leaves were thin oval shape, light green (Fig. [2](#Fig2){ref-type="fig"}c, d).Fig. 2Two-leaf stage progenies. **a** Plant of outcrossing progeny. **b** Leaf shape of outcrossing progeny. **c** Plant of nonoutcrossing progeny. **d** Leaf shape of nonoutcrossing progeny

For each sample, 384 seeds were sowed in plastic trays, and the number of hybrid progenies was counted. The CP rate (%) was calculated by counting the number of outcrossing progenies in each seeding sample, as follows (Eq. [1](#Equ1){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{CP }}\left( {\text{\% }} \right) = \frac{{n_{c} }}{N} \times 100\% $$\end{document}$$where *n*~*c*~ is the number of hybrid progenies, and *N* is the total seedling number of the sample. Because of model fitting requirements, the CP rates were transformed into count data by multiplying them by 384 and rounding the value.

Zero-inflated model {#Sec6}
-------------------

According to previous studies, the CP rate decreases with increasing distance (Beckie et al. [@CR2]; Damgaard and Kjellsson [@CR8]). Therefore, this may result in a relatively large number of zero values in the CP data. Most of models typically demonstrate poor predictive performance when fitted with excess zero values (Rodriguez [@CR27]). The zero-inflated model has been proposed to address the problem of excess zero-count data (Greene [@CR12]; Lambert [@CR21]).

The ZIP model is a model consisting of a fixed zero count and a Poisson distribution. The ZIP model increases the probability of the occurrence of zero values to address excess zero counts. Assume that the probability of zero counts is *π*~*i*~, and the response variable *Y*~*i*~, *i *= 1, 2, 3..., *n*, is a counting variable with a probability density function (pdf; Eq. [2](#Equ2){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{P}}\left( {Y_{i} = y_{i} ;\mu_{i} , \pi_{i} } \right) = \left\{ {\begin{array}{*{20}l} {\pi_{i} + \left( {1 - \pi_{i} } \right)e^{{ - \mu_{i} }} , \quad y_{i} = 0} \\ {\left( {1 - \pi_{i} } \right)\frac{{\mu_{i}^{{y_{i} }} }}{{y_{i} !}}e^{{ - \mu_{i} }} , \qquad y_{i} > 0} \\ \end{array} } \right. $$\end{document}$$where *μ*~*i*~ is the parameter of the Poisson distribution. The parameter *μ*~*i*~ satisfies the log link function (Eq. [3](#Equ3){ref-type=""}). We defined the predictor of *μ*~*i*~ as *Q* × *r(x, y)*. The parameter *Q* and dispersal kernel function *r(x, y)* were introduced in a previous study (Bullock et al. [@CR6]). Dispersal kernel functions include log-sech, exponential power, power law, logistic, 2Dt, gamma, WALD, Weibull, Exponential, log-normal, and Gaussian. Variables *x* and *y* are the two-dimensional coordinates. The parameter *π*~*i*~ is defined as the logit link function (Eq. [4](#Equ4){ref-type=""}). The predictor for *π*~*i*~ is the same as that for *μ*~*i*~.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mu_{i} = \exp \left( {Q \times r\left( {x,y} \right)} \right) $$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \pi_{i} = \frac{{\mu_{i} }}{{1 + \mu_{i} }} $$\end{document}$$Bias may remain in parameter estimation when the ZIP model fits the overdispersed data. Therefore, another zero-inflated model, the zero-inflated negative binomial (ZINB) model, was suggested to solve this problem. The concept of the ZINB model is similar to that of the ZIP model. Because the ZINB model adds a parameter to evaluate the dispersion of data, it is more suitable for overdispersed data. The pdf of the ZINB model is analogous to that of the ZIP model (Eq. [5](#Equ5){ref-type=""}).$$\documentclass[12pt]{minimal}
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The function *ɡ(y*~*i*~*)* is the pdf of the negative binominal distribution, where Γ is the gamma function, and *α* is the shape parameter. The definitions of *μ*~*i*~ and *π*~*i*~ in the ZINB model are the same as those in the ZIP model (Eqs. [3](#Equ3){ref-type=""} and [4](#Equ4){ref-type=""}).

To apply the two-dimensional function *r*(*x, y*), the distance between individual plants is calculated using Eq. [7](#Equ7){ref-type=""}. The experimental field is considered a two-dimensional coordinate plane where plant positions are defined by a coordinate point. In Eq. [7](#Equ7){ref-type=""}, coordinate points (*x, y*) and (*x', y'*) define the positions of the recipient and donor plants, respectively.$$\documentclass[12pt]{minimal}
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Statistical analysis {#Sec7}
--------------------

We expected that wind would not influence the number of CP events. A CP event was defined as the occurrence of CP at a sampling point. We compared the number of CP events in the two recipient plots by using a z-test to evaluate the wind effect. In addition, this study conducted an ANOVA to test the wind effect to the variation of CP rate. Examination of excess zero values was conducted by counting the frequency of zero values among the data and comparing this with the predicted zero frequency of the Poisson distribution. There were excess zero values if the number of zero events was more than expected. Overdispersion was examined based on the assumption of Poisson distribution. If the variance was higher than the mean, then overdispersion may have occurred in the data. In addition, we calculated the deviance by fitting the data with the Poisson distribution, and we computed the ratio of deviance to the degree of freedom (d.f.). A dataset with a ratio of \> 1 is considered to be overdispersed (McCullagh and Nelder [@CR24]).

The data of each year and site were combined, and 70% of the total data were randomly selected to train the model. The remaining 30% of the data were the validation dataset. The performance of model fitting was evaluated based on root mean square error (RMSE), adjusted coefficient of determination (adj. R^2^), Akaike's information criterion (AIC), and Schwarz's Bayesian information criterion (BIC; Akaike [@CR1]; Schwarz [@CR29]). We selected models with small values of RMSE, AIC, and BIC. A large adj. R^2^ value demonstrated a good model fit. The predictive capability of the model was assessed based on the mean squared prediction error (MSPR). In our study, a model with a small MSPR value was selected as the best model (Jung and Hu [@CR19]). The model selection procedures identified models with a good predictive ability based on the aforementioned criteria recommended for application. The conservative isolation distance at various thresholds was estimated through 500 bootstrapping simulations. The 95th percentile of the distance generated through the simulations was considered the conservative isolation distance. All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and R v 3.4.0 (R Development Core Team 2017) software.

Results {#Sec8}
=======

Wind direction during the flowering period {#Sec9}
------------------------------------------

An overlap of at least 24 days occurred between the donor and recipient plant flowering periods during the eight experiments (Additional file [1](#MOESM1){ref-type="media"}: Table S1). In most experiments, the overlap period was longer than 1 month. The AES and TARI sites were located nearby; therefore, we applied meteorological data from the same weather station to both sites. The prevailing wind direction during the flowering period was north (Additional file [2](#MOESM2){ref-type="media"}: Table S2).

The relative frequency of northerly winds ranged from 25 to 88%. The two recipient plots in the TARI experiments were assumed to be upwind and downwind plots to evaluate the wind effect on pollination. Because the field arrangement and prevailing wind direction were not parallel, the recipient plots in the AES experiments could not be defined as upwind and downwind plots.

Distance and wind effects on CP {#Sec10}
-------------------------------

In the TARI experiments, the CP rates of the upwind and downwind plots were observed separately. The CP rates of both recipient plots of the AES experiments were observed jointly. The average CP rate fluctuated between 0.48% and 5.07% over the shortest distance (0.35 m; Table [1](#Tab1){ref-type="table"}).Table 1Mean and standard deviation of the observed cross-pollination rate (%)Distance (m)CP (%) at TARI\
Mean ± SDCP (%) at AES\
Mean ± SD2013-12014-12015-12016-1UpDownUpDownUpDownUpDown2013-22014-22015-22016-20.351.87 ± 2.013.26 ± 2.215.07 ± 4.983.42 ± 2.754.50 ± 3.333.43 ± 2.872.21 ± 1.831.58 ± 0.912.36 ± 2.210.48 ± 0.683.16 ± 4.031.98 ± 2.261.050.47 ± 0.511.17 ± 1.061.11 ± 1.561.03 ± 1.531.35 ± 1.761.88 ± 2.990.70 ± 0.440.51 ± 0.590.96 ± 0.810.17 ± 0.340.92 ± 1.021.08 ± 1.501.750.26 ± 0.360.30 ± 0.460.34 ± 0.300.71 ± 1.170.31 ± 0.400.85 ± .1230.11 ± 0.250.81 ± 0.910.39 ± 0.570.15 ± 0.260.56 ± 0.970.38 ± 0.672.450.31 ± 0.680.20 ± 0.230.88 ± 1.510.22 ± 0.360.44 ± 0.730.22 ± 0.510.18 ± 0.310.41 ± 0.500.23 ± 0.360.00 ± 0.000.16 ± 0.250.28 ± 0.413.150.34 ± 0.380.34 ± 0.320.15 ± 0.210.47 ± 1.080.09 ± 0.150.11 ± 0.340.19 ± 0.280.15 ± 0.200.09 ± 0.170.08 ± 0.370.29 ± 0.380.12 ± 0.293.850.48 ± 0.680.25 ± 0.230.06 ± 0.200.31 ± 0.440.03 ± 0.100.11 ± 0.240.07 ± 0.140.15 ± 0.270.10 ± 0.200.04 ± 0.140.12 ± 0.260.05 ± 0.124.550.10 ± 0.220.02 ± 0.080.80 ± 1.740.05 ± 0.170.76 ± 1.760.51 ± 0.890.06 ± 0.120.19 ± 0.270.13 ± 0.240.00 ± 0.000.07 ± 0.180.06 ± 0.145.250.03 ± 0.080.07 ± 0.160.17 ± 0.260.14 ± 0.290.00 ± 0.000.24 ± 0.510.00 ± 0.000.00 ± 0.000.05 ± 0.110.00 ± 0.000.00 ± 0.000.03 ± 0.085.950.10 ± 0.210.03 ± 0.110.17 ± 0.440.06 ± 0.200.13 ± 0.320.13 ± 0.300.07 ± 0.150.03 ± 0.100.08 ± 0.180.02 ± 0.070.04 ± 0.130.06 ± 0.136.650.05 ± 0.170.03 ± 0.080.06 ± 0.170.11 ± 0.190.05 ± 0.160.14 ± 0.230.03 ± 0.090.12 ± 0.290.13 ± 0.200.00 ± 0.000.05 ± 0.180.04 ± 0.117.350.04 ± 0.130.03 ± 0.100.05 ± 0.160.06 ± 0.130.05 ± 0.160.06 ± 0.130.11 ± 0.270.06 ± 0.200.00 ± 0.000.00 ± 0.000.05 ± 0.120.03 ± 0.108.050.04 ± 0.140.00 ± 0.000.10 ± 0.160.13 ± 0.220.22 ± 0.360.00 ± 0.000.04 ± 0.120.03 ± 0.090.07 ± 0.220.00 ± 0.000.06 ± 0.190.03 ± 0.108.750.00 ± 0.000.00 ± 0.000.03 ± 0.090.03 ± 0.090.00 ± 0.000.00 ± 0.000.09 ± 0.180.00 ± 0.000.00 ± 0.000.00 ± 0.000.03 ± 0.100.04 ± 0.169.450.07 ± 0.160.00 ± 0.000.03 ± 0.090.06 ± 0.130.62 ± 1.940.06 ± 0.180.03 ± 0.080.00 ± 0.000.03 ± 0.090.01 ± 0.060.01 ± 0.060.01 ± 0.0610.150.00 ± 0.000.00 ± 0.000.08 ± 0.090.03 ± 0.080.10 ± 0.300.07 ± 0.220.03 ± 0.090.00 ± 0.000.02 ± 0.070.00 ± 0.000.04 ± 0.130.00 ± 0.0010.850.00 ± 0.000.00 ± 0.000.00 ± 0.170.19 ± 0.340.08 ± 0.240.00 ± 0.000.00 ± 0.000.03 ± 0.100.00 ± 0.000.00 ± 0.000.00 ± 0.000.00 ± 0.0011.550.07 ± 0.210.10 ± 0.230.00 ± 0.000.00 ± 0.000.04 ± 0.120.00 ± 0.000.00 ± 0.000.00 ± 0.000.01 ± 0.060.03 ± 0.150.01 ± 0.060.00 ± 0.0012.250.04 ± 0.120.00 ± 0.000.00 ± 0.000.00 ± 0.000.06 ± 0.130.07 ± 0.220.00 ± 0.000.00 ± 0.000.03 ± 0.080.00 ± 0.000.00 ± 0.000.06 ± 0.1912.950.00 ± 0.000.04 ± 0.110.00 ± 0.000.00 ± 0.000.07 ± 0.220.11 ± 0.270.00 ± 0.000.04 ± 0.120.04 ± 0.140.00 ± 0.000.02 ± 0.090.02 ± 0.10CP: cross-pollinated rate; SD: standard deviation; Up: upwind side; Down: downwind side

The maximum and minimum CP rates over 0.35 m were 13.75% and 0%, respectively, in the TARI experiments. The mean CP rate decreased rapidly with increasing distance and was less than 1% at 1.75 m. The CP rate was relatively stable at distances exceeding 5.25 m. Some CP events were still observed at the maximum distance in most experiments. The mean CP rate in the upwind plots was higher than that in the downwind plots at the minimum distance. The standard deviation of the CP rate at 0.35 m was also higher in upwind plots, except for in the 2013-1 experiment. The z-values of experiments 2013-1, 2014-1, 2015-1, and 2016-1 were − 0.7133, − 0.225, 0, and − 0.724, respectively (Additional file [3](#MOESM3){ref-type="media"}: Table S3). Based on the z-test results, wind effects on these four experiments were nonsignificant (all p \> 0.05). In addition, we combined the data and calculated the z-values. The overall z-value was − 0.8208, and the wind effect remained nonsignificant. The result of ANOVA showed that the wind direction do not have an effect on the variation of CP rate. (Additional file [4](#MOESM4){ref-type="media"}: Table S4).

Testing of excess zeros and overdispersion {#Sec11}
------------------------------------------

In our study, a zero event was defined as an event with a CP rate of 0%. The proportion of zero events among each experiment was 74%, 75%, 71%, 90%, 75%, 77%, 76%, and 79% (Additional file [5](#MOESM5){ref-type="media"}: Table S5). The expected proportion of zero events was calculated with the pdf of the Poisson distribution and compared with the observed proportion of zero events. All expected proportions of zero events were smaller than the observed proportions. Therefore, all experimental data had the problem of excess zeros.

The mean and variance of the CP progeny numbers were calculated and compared to roughly check data overdispersion. In each experiment, the variance of the CP progeny number was larger than its mean (Additional file [6](#MOESM6){ref-type="media"}: Table S6). Thus, data from the eight experiments may have been overdispersed. Furthermore, all ratios of deviance to d.f. were larger than 1, except for experiment 2014-2. Both approaches indicated that the experimental data were over dispersed.

Model fitting {#Sec12}
-------------

Given the absence of overdispersion, the data for model training and validation excluded the data of experiment 2014-2. The remaining data were divided into training and validation datasets, which contained 70% and 30% of the total data, respectively. This study applied the ZIP and ZINB models with dispersal kernel functions to fit the excess zeros and overdispersed data. The ZIP and ZINB models were fitted with the training dataset and were evaluated separately.

According to the criteria, the ZIP model with logistic (ZIP-logistic), 2Dt (ZIP-2Dt), and Weibull (ZIP-Weibull) dispersal kernel functions were the three preferred candidate models (Table [2](#Tab2){ref-type="table"}). All RMSE values of these models were 0.01043. The ZIP-logistic and ZIP-2Dt models were identified as the best models based on the adj. R^2^ criterion (both adj. R^2^ = 0.01097). AIC and BIC also indicated that ZIP-logistic and ZIP-2Dt were the best models (AIC = − 16,978; BIC = − 16,969). The adj. R^2^, AIC, and BIC values of the ZIP-Weibull model were 0.01064, −16,977, and −16,968, respectively. Based on the adj. R^2^ criterion, we selected ZINB-Weibull, ZINB-exponential power, and ZINB-log-sech as the preferred candidate models. All RMSE values of these models were 0.00823. AIC and BIC also identified these models as the best among the ZINB models. The adj. R^2^, AIC, and BIC values of ZINB-Weibull, which is the optimal ZINB model, were 0.38947, −17,860, and −17,853, respectively. The ZINB models were superior to the ZIP models. Even the ZINB model with the worst fitting criterion values performed better than did the ZIP-Weibull model. Consequently, the candidate ZINB models were chosen for the validation procedure.Table 2Fitting criteria of the ZIP and ZINB models with the training datasetDispersal kernel functionZIP modelZINB modelRMSEAdj. R^2^AICBICRMSEAdj. R^2^AICBICLog-sech0.010480.00286− 16,963− 16,9540.008230.38911− 17,859− 17,852Exponential power0.01049− 0.001− 16,956− 16,9470.008230.38925− 17,859− 17,852Power law0.010440.01014− 16,976− 16,9670.008260.38495− 17,846− 17,839Logistic0.010430.01097− 16,978− 16,9690.008260.38517− 17,847− 17,8402Dt0.010430.01097− 16,978− 16,9690.008240.38769− 17,855− 17,847Gamma0.01,064− 0.0292− 16904− 16,8950.008230.38884− 17,858− 17,851WALD0.010440.00994− 16,976− 16,9670.008250.38542− 17,848− 17,841Weibull0.010430.01064− 16,977− 16,9680.008230.38947− 17,860− 17,853Neg. Exponential0.010440.00989− 16,977− 16,9660.008280.38183− 17,838− 17,829Log-normal0.01,0440.00954− 16,975− 16,9660.008240.38717− 17,853− 17,846Gaussian0.010440.00971− 16,977− 16,9650.008260.38444− 17,846− 17,837RMSE: root mean square error; adj. R^2^: adjusted coefficient of determination; AIC: Akaike's information criterion; BIC: Schwarz's Bayesian information criterion; MSPR: mean squared prediction error

Model validation and isolation distance recommendation {#Sec13}
------------------------------------------------------

In accordance with the MSPR, the ZINB-log-sech, ZINB-exponential power, ZINB-gamma, and ZINB-Weibull models had a good predictive ability in the new dataset. These models had small MSPR values of 0.000068767, 0.000068742, 0.000068764, and 0.000068764, respectively (Table [3](#Tab3){ref-type="table"}). The MSPR values of these four models were similar. Based on the best fit, the ZINB-exponential power and ZINB-Weibull models were selected as the final models. The predicted CP rates of the ZINB-exponential power and ZINB-Weibull models were compared with the observed CP rate. The predicted CP rates were higher than the observed CP rates at distances of 0.35, 1.05, and 1.75 m (Table [4](#Tab4){ref-type="table"}). At distances of 2.45, 3.15, 3.85, and 4.55 m, both models underestimated the CP rate. The predicted CP rate varied little and was overestimated at distances larger than 5.25 m.Table 3Predicting criteria of the ZIP and ZINB models with the validation datasetDispersal kernel functionZINB modelRMSEAdj. R^2^AICBICMSPRLog-sech0.00830.34657− 7650.3− 7644.90.000068767Exponential power0.00830.34681− 7650.5− 7645.20.000068742Power law0.008330.34179− 7644.4− 7639.10.000069270Logistic0.008310.34446− 7647.7− 7642.30.0000689892Dt0.00830.34595− 7649.5− 7644.10.000068832Gamma0.00830.3466− 7650.3− 7644.90.000068764WALD0.008310.34404− 7647.2− 7641.80.000069033Weibull0.00830.3466− 7650.3− 7644.90.000068764Neg. Exponential0.008360.33831− 7641.2− 7633.80.000069723Log-normal0.00830.3456− 7649.1− 7643.70.000068869Gaussian0.008320.34363− 7647.7− 7640.30.000069163RMSE: root mean square error; adj. R^2^: adjusted coefficient of determination; AIC: Akaike's information criterion; BIC: Schwarz's Bayesian information criterion; MSPR: mean squared prediction errorTable 4Actual and predicted cross-pollination rate (%) of the ZINB models by distanceDistance (m)Average CP (%)^a^Predicted CP (%)ZINB-Exponential power modelZINB-Weibull model0.352.80253.00872.97281.050.99891.11851.16171.750.33210.49160.47712.450.44010.26140.25413.150.20850.17720.17653.850.14970.14610.14754.550.30620.13510.13655.250.06310.13150.13235.950.05180.13050.13096.650.0780.13030.13047.350.03580.13020.13038.050.05030.13020.13028.750.02560.13020.13029.450.02940.13020.130210.150.03980.13020.130210.850.02560.13020.130211.550.01670.13020.130212.2500.13020.130212.950.03080.13020.1302CP: cross-pollinated rate^a^Average cross-pollinated rate of the validation dataset

The thresholds of cross-pollination rates for recommendation were 3%, 1%, and 0.9%, with reference to regulations in Taiwan, Australia, and the EU, respectively. The recommended distance of each threshold was approached in both models (Table [5](#Tab5){ref-type="table"}). For the 3% threshold, 0.425 and 0.431 m were the distances recommended by the ZINB-exponential power and ZINB-Weibull models, respectively. A distance of approximately 1.35 m was recommended to avoid exceeding the 0.9% threshold.Table 5Isolation distance (m) evaluated by both zero-inflated negative binomial (ZINB)-exponential power and ZINB-Weibull models under threshold values 3%, 1%, and 0.9%, respectivelyThreshold (%)ModelIsolation distance (m)3ZINB-Exponential power0.425ZINB-Weibull0.4311ZINB-Exponential power1.27ZINB-Weibull1.250.9ZINB-Exponential power1.36ZINB-Weibull1.34

Discussion {#Sec14}
==========

Estimating the CP rate involved setting targets to develop strategies to eliminate hybridization as part of the hybridization risk assessment between GM *B. napus* and *B. rapa* (Wilkinson et al. [@CR39]). According to a study of gene flow between GM and non-GM *B. napus*, the mean CP rates at 2 and 16 m were 2.33% and 0.46%, respectively (Zhang et al. [@CR42]).

In other studies, the average CP rates observed at 0.5, 1, and 15 m were 2.50%, 1.28%, and 0.13%, respectively (Zhao et al. [@CR44]). The mean CP rates of 2.88% and 1.02% at 0.35 and 1.05 m, respectively, in our study were similar to those in previous studies. However, the mean CP rate of 0.45% and 0.030% at 1.75 and 12.95 m, respectively, in our study were lower than those in previous studies. Given the pollen competition between species and the plant density, the relatively low CP rate was predictable. The spontaneous hybridization rate between GM *B. napus* and *B. rapa* was 0.196% when the two species were planted in adjacent rows (Xiao et al. [@CR40]). A hybridization rate of 1.46% was observed in a wild *B. rapa* population within 30 m of *B. napus* fields in the United Kingdom (Wilkinson et al. [@CR39]). For *B. rapa* interplantation with a *B. napus* field, the hybridization rate was approximately 7% (Warwick et al. [@CR37]). The results of gene flow may differ under particular conditions. In this study, the results reflected gene flow between two small adjacent fields, a typical field arrangement in Asian countries. According to the average CP rate in our experiments, *B. rapa* plants within 1.05 m contained approximately 1.8% of hybrid progenies. Those hybrids may result in immediate harvest loss for a farmer. Furthermore, hybrids containing a transgene may develop into a volunteer population. The volunteer population with the transgene may become transgene donors or herbicide-resistant weeds and cause economic loss in the future. A volunteer population with a transgene may affect the agricultural ecosystem. Consequently, the coexistence of these two species and evaluation of long-term effects on the environment are necessary in Asian countries.

*Brassica napus* and *B. rapa* are pollinated by insects. Several studies have indicated that the wind direction does not affect the gene flow of *B. napus* (Funk et al. [@CR11]; Rieger et al. [@CR26]). To evaluate the wind effect, the prevailing wind direction was recorded in the TARI field, and the recipient plots were established on the upwind and downwind sides of the donor plot. For each experiment at TARI, the proportion of CP events in the two recipient plots was nonsignificantly different. Even after combining data from the four experiments, the proportion of CP events between the upwind and downwind plots was not considerably different. This indicated that wind did not influence gene flow. Another study posited that wind only affects gene flow and contributes to pollination when insect pollinators are scarce (Hayter and Cresswell [@CR14]). A study investigated wind pollination without insects by using nets (Zhang et al. [@CR43]). Therefore, the contribution of pollination to *B. napus* gene flow may depend on the abundance of insects. Insect pollinators were sufficiently abundant for pollination in the experimental fields; thus, the wind effect was minor in this study.

In a previous study, the ZIP model was introduced to fit the corn CP rate data (Bensadoun et al. [@CR3]). The number of cross-pollinated progenies was assumed to follow a Poisson distribution. However, the CP data typically presented excess zeros and overdispersion; thus, the CP data were assumed to follow a ZIP distribution. In the present study, the test results for excess zeros and overdispersion indicated that our experimental data contained excess zeros and overdispersion, except for experiment 2014-2. The CP rate for short distances was lower in the 2014-2 experiment than in the other experiments, and overdispersion was not present in the 2014-2 experimental data. Due to data characteristics, we used the ZIP and ZINB models to estimate the CP rate. The experimental data were combined, with the exclusion of the 2014-2 experimental data. According to all criteria, the ZINB model was superior to the ZIP model, and the ZINB model was more appropriate for handling count data in excess zeros and overdispersion (Zulkifli et al. [@CR45]). The ZINB-exponential power and ZINB-Weibull models were the two best models for fitting the data. The adj. R^2^ values for the ZINB-exponential power and ZINB-Weibull models were 0.38925 and 0.38947, respectively. The performance of both models was better than the results obtained in a previous study that modeled the CP rate between *B. napus* and its relatives (Zhang et al. [@CR42]). Model fitting was affected by the variation of the CP rate at short distances. High variation at short distances has also been observed in other studies (Beckie et al. [@CR2]; Damgaard and Kjellsson [@CR8]). The CP rate variation within a few meters of the donor plot may be attributed to insect behavior (Funk et al. [@CR11]). Although the predicted CP rates for the two models were overestimated within 1.75 m, it was acceptable because of the high variation at a short distance. The overall predicted CP rates within 4 m were similar to the average CP rate. The recommended distances were similar for both models. The ZINB-Weibull model provided a relatively conservative isolation distance at strict thresholds. The recommended distance for GM and non-GM *B. napus* at a 0.9% threshold was 0 m (Weekes et al. [@CR38]). For gene flow between *B. napus* and *B. rapa*, 1.35 m was applicable for the 0.9% threshold in our study. The CP process was affected by many factors: differences in experimental scale, species, and model may have led to various results. A method that can integrate all factors is necessary to predict scenarios in future research.

Conclusion {#Sec15}
==========

This study conducted eight experiments at two sites for 4 years to evaluate the risk of gene flow between *B. napus* and *B. rapa* on a small field scale, similar to typical field sizes in Taiwan. The multiple sites and years of these experiments addressed variation in field conditions of each year and site. Therefore, the result was robust to different years and sites. The risk of long-distance gene flow between *B. napus* and *B. rapa* was negligible. However, the risk remains beyond the short distances of adjacent fields. The experiments provided a preliminary gene flow risk assessment between these two species in Taiwan and provided insights for further research and coexistence strategies.
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